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Abstract Sodium (Na+) is toxic to most plants, but the molec-
ular mechanisms of plant Na+ uptake and distribution remain
largely unknown. Here we analyze Arabidopsis lines disrupted
in the Na+ transporter AtHKT1. AtHKT1 is expressed in the
root stele and leaf vasculature. athkt1 null plants exhibit lower
root Na+ levels and are more salt resistant than wild-type in
short-term root growth assays. In shoot tissues, however, athkt1
disruption produces higher Na+ levels, and athkt1 and athkt1/
sos3 shoots are Na+-hypersensitive in long-term growth assays.
Thus wild-type AtHKT1 controls root/shoot Na+ distribution
and counteracts salt stress in leaves by reducing leaf Na+ accu-
mulation.
( 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction
Salinization of soils due to irrigation is increasingly detri-
mental to agricultural productivity, because sodium (Naþ) is
toxic to most plants at high millimolar concentrations [1].
Potassium (Kþ), in contrast, is a plant macronutrient that
ful¢lls a multitude of physiological functions: it is an essential
factor for protein synthesis, photosynthesis and for glycolytic
enzymes, and as an osmoticum Kþ mediates cell expansion,
tropisms and turgor-driven movements [2,3]. Salt toxicity in-
cludes competition of Naþ with Kþ at di¡erent levels : in the
extracellular space for uptake into the cytosol, in the cytosol
and in the chloroplast for potassium-speci¢c functions. In the
vacuole, however, Naþ may replace Kþ in its osmotic func-
tion and thereby make available more potassium to the cyto-
sol [4]. Thus under Kþ starvation moderate amounts of Naþ
can promote plant growth [5^7]. [Kþ] :[Naþ] ratios in diverse
cellular compartments and plant tissues are determined by the
activity of transporter proteins. Identi¢cation and character-
ization of Naþ-permeable transporters is therefore pivotal to
an understanding of the e¡ects of Naþ on plants, adverse or
bene¢cial. Elucidation of the molecular mechanisms underly-
ing Naþ uptake into roots and Naþ distribution throughout
the plant can allow engineering of salt tolerance [8] and im-
proved potassium nutrition.
HKT1 from wheat was isolated by complementation of a
Kþ uptake-de¢cient yeast mutant and was shown to function
as a Kþ/Naþ symporter [9^12]. In wheat HKT1 is expressed in
the root cortex and in the leaf vasculature [9]. In rice HKT1
homologs were expressed in the root epidermis and endoder-
mis [13], suggesting di¡erential localization in di¡erent plant
species. HKT1 has been proposed to be a determinant of Naþ
sensitivity and point mutations in HKT1 have been genetically
isolated that reduce Naþ transport while enhancing Kþ selec-
tivity [10,12]. HKT1 homologs have been cloned from Arabi-
dopsis [14], eucalyptus [15], and rice [16]. Surprisingly, Arabi-
dopsis AtHKT1 transported only Naþ when expressed in
yeast or in Xenopus oocytes [14]. In Arabidopsis, AtHKT1
has recently been shown to be involved in salt stress: a screen
for suppressor mutations of the salt overly-sensitive sos3 mu-
tant [17] revealed that disruption of AtHKT1 suppresses the
Naþ-hypersensitive phenotype of sos3 plants [18]. However,
because AtHKT1 mediates Naþ stress, the reason for expres-
sion of this gene and its physiological bene¢cial function in a
wild-type background have remained unknown. Here we ana-
lyze the expression pattern of AtHKT1 and the e¡ects of ge-
netic disruption of AtHKT1 in an Arabidopsis wild-type back-
ground, and reveal that AtHKT1 plays a central and speci¢c
role in Naþ sensitivity and distribution between shoots and
roots in Arabidopsis.
2. Materials and methods
2.1. Identi¢cation of an Arabidopsis line disrupted in AtHKT1
The DNA collection of the Arabidopsis Knock-out Facility, Uni-
versity of Wisconsin (Madison, WI, USA), was screened for a T-DNA
insertion into AtHKT1 by polymerase chain reaction (PCR) [19,20].
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AtHKT1-sense (GCACGAATCCTCTTCCACCTTTTCAGGC) and
AtHKT1-antisense (CAAACTACATTACGTGAGATAATA) prim-
ers were used in combination with a T-DNA (left border) -speci¢c
primer (CATTTTATAATAACGCTGCGGACATCTAC). One posi-
tive pool was identi¢ed with the sense primer. The corresponding
Arabidopsis line was isolated by PCR on individual plants. SOS3
and ATHKT1 mutations in athkt1-1, sos3/athkt1-1 and sos3/athkt1-2
were con¢rmed by PCR ampli¢cation and sequencing.
2.2. Extraction and analysis of nucleic acids from Arabidopsis
Genomic DNA was extracted from young leaves using the DNeasy
plant maxi kit (Qiagen, Valencia, CA, USA). For Southern blotting,
20 Wg DNA were digested with EcoRI. A fragment of the neomycin
phosphotransferase gene NPT2 was used as a T-DNA-speci¢c probe.
RNA was extracted from seedlings with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and DNaseI treated (Ambion, Austin, TX,
USA). cDNA was made with the ¢rst strand cDNA synthesis kit
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) using (dT)16
primer. Reverse transcriptase (RT)-PCR was performed on cDNA
corresponding to 100 ng total RNA with the primers s2 (GTCC-
CCACGAATGAGAACATGAT), as3 (CCAAGATAGCTGGGGA-
AAGTGTA), as5 (GTTCCGTCAACGGCATAAAT), EF1K-s (GG-
CCACGTCGATTCTGGAAA) and EF1K-as (GGCTTGGTTGGA-
GTCATCTT). Aliquots were sampled after each cycle from 20 to 30
and run on agarose gels.
2.3. Cultivation of Arabidopsis
Root growth assays were performed on plates in a basic (‘minimal’)
medium of 0.5 mM KH2PO4, 1.25 mM KNO3, 0.5 mM MgSO4, 20
WM FeNa^EDTA, and the additional micronutrients 7 WM H3BO3,
1.4 WM MnSO4, 1 WM ZnSO4, 4.5 WM KI, 0.1 WM CuSO4, 0.2 WM
Na2MoO4, 10 nM CoCl2, 1% agar, supplemented with the indicated
amounts of NaCl and Ca(NO3)2. Hydroponic cultures of Arabidopsis
were maintained in 0.5 mM KH2PO4, 1.25 mM KNO3, 0.5 mM
MgSO4, 40 WM FeNa^EDTA, micronutrients as above, and the in-
dicated amounts of NaCl and Ca(NO3)2. The medium was exchanged
weekly.
2.4. Inductively coupled plasma-optic emission spectroscopy
(ICP-OES) analysis
Shoots and roots from plants grown hydroponically for 14 to 17
days were separated, washed twice in 5 mM CaCl2 for 3 min, dried in
15 ml polypropylene tubes (Fisher Scienti¢c, Pittsburgh, PA, USA),
and digested in concentrated ultrapure nitric acid (Sigma, St. Louis,
MO, USA). In each experiment three sets of wild-type and mutant
plants were grown in parallel pools and ICP samples analyzed. Sam-
ples were analyzed with an inductively coupled plasma optic emission
spectrometer (ICP-OES; Perkin Elmer Optima 3000XL, Applied Bio-
systems, Foster City, CA, USA). Naþ values were normalized to those
of Mg2þ or to plant dry weight.
2.5. AtHKT1 promoter-GUS expression analysis
A 837 bp fragment of genomic DNA lying immediately upstream
the AtHKT1 start codon was ampli¢ed by PCR with primers
TTAAGCTTACTCCATGTGTCAATACCAAAA (sense) and TTC-
CCGGGTCCATTTTAGTTCTCGAGTCGG (antisense), cloned into
vector pBI101-Hm [21], and transformed into Arabidopsis thaliana
Col-1 via Agrobacterium tumefaciens. GUS activity in hygromycin-
resistant plants was monitored following standard protocols [21]
on 3 weeks old plants. GUS staining was performed for 16 h
with 0.5 mM X-Gluc (5-bromo-4-chloro-3-indolyl-L-D-glucuronide),
0.5 mM K3Fe(CN)6, 0.5 mM K4Fe(CN)6, 0.3% Triton X-100, 20%
methanol, 0.1 M phosphate bu¡er (pH 7.0). The reaction was stopped
by addition of 70% ethanol.
3. Results
3.1. AtHKT1 is expressed in the root stele and leaf vasculature
RT-PCR analysis showed that AtHKT1 is highly expressed
in roots [14]. In order to further determine the tissue speci¢c-
ity of AtHKT1 expression, a 837 bp fragment of genomic
DNA lying immediately upstream of the AtHKT1 start codon
was inserted into a plant expression vector containing the
L-glucuronidase (GUS) reporter gene. Arabidopsis seedlings
transformed with this construct were incubated with the chro-
mogenic substrate X-Gluc. GUS activity was detected mainly
in the root stele (Fig. 1A, B) and in the leaf vasculature (Fig.
1C), indicating that these are important physiological sites of
AtHKT1 function in Arabidopsis. No GUS activity was de-
tected in root tips (Fig. 1B).
3.2. Identi¢cation of an Arabidopsis line disrupted in AtHKT1
AtHKT1 is a single gene in Arabidopsis [14]. Genetic dis-
ruption of AtHKT1 was pursued to analyze its physiological
function. We screened the T-DNA insertion collection of the
Arabidopsis Knock-out Facility (University of Wisconsin;
http://www.biotech.wisc.edu/Arabidopsis/) by PCR, combin-
ing a primer speci¢c to AtHKT1 with one complementary to
the T-DNA. A single insertion was detected that lies in the
¢rst intron of AtHKT1 (Fig. 2A), and an Arabidopsis line
harboring that insertion was isolated. After several rounds
of self-fertilization, that line ^ called athkt1-3 ^ was con¢rmed
to be homozygously disrupted in AtHKT1 and contained no
other T-DNA insertions (Fig. 2B). athkt1-3 plants have no
full-length AtHKT1 mRNA, but they produce small amounts
of a truncated AtHKT1 transcript as determined by RT-PCR
(Fig. 2C). Whether this RNA is actually translated remains to
be investigated.
3.3. Root growth of athkt1-3 seedlings is more salt tolerant
athkt1-3 plants have no visible phenotype during their life-
cycle when grown on soil under standard greenhouse condi-
tions. Root growth assays have been successfully used to iden-
tify and characterize salt sensitivity mutants of Arabidopsis
[22,23]. Wild-type Ws-0 and athkt1-3 seeds were germinated
Fig. 1. The AtHKT1 promoter is active in the root stele (A) and leaf vasculature (C), but not in root tips (B) of Arabidopsis seedlings. Arabi-
dopsis plants expressing the GUS gene under control of the AtHKT1 promoter (837 bp 5P of start codon) were grown for 3 weeks. GUS expres-
sion was monitored with the chromogenic substrate X-Gluc (see Section 2 for details).
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and grown vertically on minimal media agar plates which
were supplemented with varying concentrations of NaCl and
Ca(NO3)2. When 75 mM Naþ and 1 mM Ca2þ were added to
the growth medium, athkt1-3 plants were more salt resistant
than wild-type (Fig. 3A). At 10 mM Ca2þ in 75 mM NaCl
medium, however, wild-type and athkt1-3 roots grew equally
well (Fig. 3B). Ca2þ counteracted Naþ toxicity in both the
athkt1-3 and the wild-type Ws-0 ecotype. Ca2þ-induced salt
resistance is in accordance with previous ¢ndings [24^27]
(Fig. 3).
3.4. athkt1-3 plants show an altered root/shoot distribution of
Na+
Cation contents of hydroponically grown Arabidopsis were
measured by ICP-OES. The Naþ contents of both roots and
shoots responded sharply to the external Naþ concentration,
while the concentrations of Mg2þ were stable. Under all ex-
ternal Naþ concentrations tested, root Naþ contents were
lower in athkt1-3 than in wild-type plants (Fig. 4A; n=3
experiments, two-tailed paired Wilcoxon test, P6 0.01), con-
sistent with the enhanced Naþ resistance of root growth in
athkt1-3 (Fig. 3A). Surprisingly, however, Naþ contents of the
shoots were signi¢cantly higher in athkt1-3 plants than in
wild-type (Fig. 4B; n=3 experiments, two-tailed paired Wil-
coxon test, P6 0.01). athkt1-3 and wild-type plants showed
opposite Naþ distribution patterns in roots and shoots in each
individual experiment, although total Naþ contents varied
somewhat from experiment to experiment. Thus athkt1-3
and wild-type plants showed diametrically opposed Naþ dis-
tribution patterns in roots (Fig. 4A) and shoots (Fig. 4B). The
higher root Naþ content at low [Ca2þ] (Fig. 4A) is in accor-
dance with the model that Ca2þ blocks Naþ-permeable cyclic
nucleotide-dependent ‘VIC’ or ‘NSCC’ channels in roots [28].
3.5. Leaves in athkt1 disruption alleles are hypersensitive to
salt stress
The ¢nding that AtHKT1 disruption enhances Naþ accu-
mulation in the aerial parts of Arabidopsis (Fig. 4B) led us to
analyze long-term e¡ects of salt stress on leaves. Plants were
grown to adult size on minimal media agar plates supple-
mented with 1 mM Ca(NO3)2 and either 1 mM NaCl (Fig.
5A) or 75 mM NaCl (Fig. 5B, C). After 40 days of growth,
root growth was slightly reduced in athkt1-3 compared to
wild-type plants (Fig. 5B). The aerial parts of athkt1-3 showed
severe chlorosis and small leaves and the plants eventually
died, whereas wild-type plants showed no such symptoms
(Fig. 5B). The Naþ-hypersensitive shoot phenotype was also
observed for the independent null allele, athkt1-1 (Fig. 5C)
(kindly provided by P.M. Hasegawa and A. Rus, Purdue Uni-
versity). Leaves of sos3/athkt1-1 and sos3/athkt1-2 double mu-
tant plants [18] were more salt-sensitive than athkt1-1 and
showed strong chlorosis after 9 10 days of growth in the
same media (data not shown).
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Fig. 2. athkt1-3 is disrupted in AtHKT1. A: Map of the AtHKT1
locus in athkt1-3. The T-DNA is inserted into the ¢rst intron of the
AtHKT1 gene, in the sense direction from left to right border
(T-DNA is not drawn to scale). Sequence sites of primers used for
RT-PCR are indicated with triangles. B: T-DNA insertion in
athkt1-3 is at a single locus. Genomic DNA from athkt1-3 and
wild-type plants was hybridized with a radiolabeled NPT2 probe,
the selectable marker on the T-DNA. The single band in athkt1-3
indicates insertion of the T-DNA at a single locus (left lane). No
signal was observed from wild-type plants (right lane). C: athkt1-3
does not express a full-length AtHKT1 mRNA. RT-PCR was per-
formed with the AtHKT1-speci¢c primer pairs s2^as3 and s2^as5
(cycles 26^30 shown for both), and EF1K primers as a positive con-
trol (cycles 23^27 shown). No full-length AtHKT1 transcript was de-
tected in athkt1-3. However, using the primer pair that binds up-
stream of the T-DNA insertion (s2^as3) a signal was obtained from
athkt1-3, albeit weaker than in wild-type.
Fig. 3. Increased salt resistance of short-term athkt1-3 root growth. athkt1-3 and wild-type (Ws-0) seedlings were grown vertically on agar
plates with minimal medium supplemented with 75 mM NaCl and 1 mM Ca(NO3)2 (A), or 75 mM NaCl and 10 mM Ca(NO3)2 (B) for
8 days. At 1 mM Ca2þ athkt1-3 is more salt resistant than wild-type in seedling root growth. The distance between gridlines is 1 cm.
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Thus, under permanent and prolonged exposure, Arabidop-
sis athkt1 null mutants are hypersensitive to salt stress in
leaves (Fig. 5B, C). Under shorter or transient exposure to
salt, however, athkt1 null mutants show reduced Naþ accu-
mulation in roots and increased Naþ tolerance in roots (Figs.
3A and 4A; [18]).
4. Discussion
HKT transporters have been proposed to be involved in
Naþ uptake and salt toxicity in plants [9,10]. These proteins
transport Naþ when expressed in Saccharomyces cerevisiae
and Xenopus oocytes, and in plants they are expressed in roots
and in the leaf vasculature [9,10,13^16]. Recently, AtHKT1
has directly been shown to mediate salt stress in Arabidopsis
since null mutations in AtHKT1 suppressed the Naþ-hyper-
sensitive phenotype of the sos3 mutant [18]. athkt1/sos3 dou-
ble mutant seedlings had a lower total Naþ content per dry
weight than sos3 and wild-type (Col-0) plants [18]. However,
whether athkt1/sos3 a¡ects Naþ levels in shoots and/or roots
has not been investigated. The bene¢cial physiological func-
tion of AtHKT1 has remained a mystery, given its Naþ se-
lectivity [14]. To gain insight into the physiological function of
AtHKT1 in Arabidopsis, phenotypes of mutations of AtHKT1
in a wild-type background were analyzed here. Genetic dis-
ruption of AtHKT1 lowered the Naþ content of Arabidopsis
roots and rendered root growth less Naþ-sensitive (Fig. 3A),
which correlates to athkt1/sos3 double mutant analyses. Our
¢ndings also correlate with studies in wheat root cells, in
which Kþ starvation induced HKT1 expression in root cortex
cells [9,29] and enhanced inward Naþ currents that included
HKT1-like properties in root cortex cells [30].
In Arabidopsis, the AtHKT1 promoter is highly active in the
root stele and in the leaf vasculature (Fig. 1). We therefore
analyzed the e¡ects of athkt1-3 on leaf Naþ accumulation and
on Naþ sensitivity of aerial tissues. Interestingly, athkt1-3 ex-
hibited higher Naþ contents than wild-type plants in aerial
tissues, and consistent with these ¢ndings, athkt1 null plants
were Naþ-hypersensitive when exposed to intermediate salt
concentrations for a prolonged time (Figs. 4B and 5B, C).
The fact that athkt1 null plants have a higher shoot Naþ
content than wild-type suggests that (i) there are pathways
in Arabidopsis for Naþ translocation from root to shoot
that function in the absence of AtHKT1; and that (ii) under
salt stress AtHKT1 counteracts these Naþ transport path-
ways. Thus disruption of AtHKT1 facilitates net transfer of
Naþ to shoots. AtHKT1 could counteract shoot-ward Naþ
transport either by sequestering Naþ in the roots and/or pre-
venting it from being loaded into the xylem, by re-extracting
Naþ that is being loaded into the xylem, or by removing Naþ
from leaves and transporting Naþ to roots via the phloem. To
further elucidate the physiological function of AtHKT1, de-
termination of its cell type-speci¢c expression and subcellular
location is pivotal. The identi¢cation of possible protein^pro-
tein interactions will also be of interest. Given the di¡erent
expression patterns of the Kþ transporting Naþ/Kþ symport-
er isoforms of HKT1 in wheat [9] and rice [13] compared to
the Naþ selective AtHKT1, it is plausible that the Naþ/Kþ
symporter HKT1 isoforms [10,16,31] have fundamentally dif-
ferent physiological and cellular functions from the Naþ-se-
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Fig. 4. Naþ content and distribution in athkt1-3 plants. Hydroponic
cultures of athkt1-3 (black bars) and wild-type plants (white bars)
were subjected to salt stress (100 mM NaCl) for 48 h in media sup-
plied with 0.5 mM or 10 mM Ca(NO3)2. Roots (A) and aerial parts
(B) were harvested separately and cation contents were measured by
ICP-OES. athkt1-3 roots contained signi¢cantly less Naþ than those
of wild-type. For the aerial parts, however, the situation was re-
versed with athkt1-3 having higher Naþ contents than wild-type.
Naþ levels were normalized to those of Mg2þ, which showed no sig-
ni¢cant changes; the same distributions were observed when nor-
malizing to plant dry weight (data not shown). Error bars represent
standard error of n=3 experiments, with each experiment consisting
of three pooled samples.
Fig. 5. Increased salt sensitivity of athkt1-3 and athkt1-1 shoots. Wild-type Ws-0, athkt1-3, and athkt1-1 plants were grown vertically on agar
plates with minimal medium and 1 mM Ca(NO3)2 (see Section 2), supplemented with 1 mM (A) or 75 mM (B, C) NaCl, for 40 days (A, B) or
30 days (C). athkt1 null shoots showed severe chlorosis in the presence of salt and the plants eventually died (B, C). No such harmful e¡ects
of 75 mM NaCl were observed in wild-type plants under the imposed conditions. The distance between gridlines is 1 cm.
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lective HKT1 isoforms [14,16], even though a single amino
acid change determines Kþ permeability [32].
A role in counteracting root to shoot Naþ transport was
also proposed for the Arabidopsis Naþ/Hþ antiporter SOS1
[33]. sos1 null plants are Naþ-hypersensitive and they accu-
mulate less Naþ than wild-type under standard growth con-
ditions [34] but more Naþ than wild-type under salt stress
[33]. SOS1 is expressed in the root and leaf vasculature and
has been proposed to re-extract Naþ from the root xylem
under salt stress via a proposed reversal of the SOS1 trans-
porter [33]. AtHKT1 may counteract Naþ root to shoot trans-
port in a di¡erent or complementary way to SOS1 because, in
contrast to sos1, athkt1-3 plants contain less Naþ in roots
than wild-type upon salt stress (Fig. 4A). Furthermore,
SOS1 is expressed predominately in the root tips [33] whereas
the AtHKT1 promoter is not active in root tips (Fig. 1B).
Here we demonstrate an important role for an HKT trans-
porter in improving salt tolerance (Figs. 4B and 5). Previous
studies predicted detrimental e¡ects of HKT transporters
under salt stress [9,10,14,32], as also con¢rmed here (Fig. 3)
and in athkt1/sos3 [18]. Expression patterns of HKT1 in wheat
root cortex cells [9] and in rice epidermal cells [13] implicate
roles in Naþ uptake and salinity stress in those plants. How-
ever, the reason for expression of highly Naþ-permeable
AtHKT1-like transporters [14,32] in plants remained un-
known. The presented results reveal the importance of
AtHKT1 to physiological Naþ resistance and Naþ transport
within Arabidopsis. Our data suggest a new model in which a
major function of AtHKT1 in Arabidopsis lies in controlling
the root/shoot distribution of Naþ within the plant and re-
ducing Naþ accumulation in leaves. The expression of wheat
HKT1 in vascular tissues [9] indicates that this newly recog-
nized Naþ distribution function of HKT transporters reported
here may apply to other plants as well.
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